Background: Mitigating the effect of linear transport infrastructure (LTI) on fauna is a crucial issue in road ecology. Wildlife crossing structures (tunnels or overpasses) are one solution that has been implemented to restore habitat connectivity and reduce wildlife mortality. Evaluating how these crossings function for small wildlife has often been recommended but, mainly due to technical limitations, is not often conducted in practice or only as short-term monitoring (less than 1 year). In this study, we developed and tested an automated device that records the detailed behaviour of animals when using wildlife tunnels. The method is based on marking and detecting individuals with RFID (radio-frequency identification) tags and allows small animals to be tracked. Composed of four antennas (detectors) placed at roughly 2 m intervals, the system was tested in a tunnel in northern France in the summer of 2017. One species of amphibian (the toad Bufo spinosus, n = 13) and two carabids (the ground beetles Carabus coriaceus and Carabus nemoralis, respectively, n = 3 and n = 4), marked beforehand with PIT (passive integrated transponder) tags, were recorded when they crossed these detectors. This allowed individual trajectories, including crossing speed, to be estimated.
Background
The negative effects of linear transport infrastructure (LTI) on ground-dwelling fauna [1, 2] such as amphibians [3] [4] [5] and some ground beetles [6] [7] [8] [9] [10] are well documented. Direct mortality, habitat destruction, and fragmentation (due to a barrier effect) are the most commonly observed effects, with one study highlighting a success rate of only 3% in ground beetles crossing a railway line [11, 12] . Mitigation measures aim to restore crucial conservation aspects such as habitat connectivity and reducing mortality, both of which are important issues in road ecology. Of these measures, wildlife crossings (overpasses above or underpasses below an LTI) have been widely implemented. These are designed to guide animals to the entrance of the crossing and prevent their access to the LTI [1, 13] . Despite the high cost of these structures, their efficacy is rarely evaluated in practice [7] . Due to technical limitations, this is particularly the case for small wildlife such as amphibians and ground beetles [14, 15] .
Several methods are available for monitoring the use of wildlife crossings by amphibians and ground beetles. For example, individuals can be caught at the entrance of the tunnel by pitfall traps, and then counted and/or marked. Monitoring at the exit can then provide information about the transit time within the tunnel. Radio-tracking allows an animal's movements before entering and when leaving a tunnel to be recorded (e.g., [16] ).
However, for small animals, the size of the emitter and battery limits the use of radio-tracking [15] , making it impossible to record successive positions within the tunnel during the crossing. Camera traps are widely use to monitor tunnels use (reviewed in [17] and [18] ), and the increasing quality of the recorded pictures/videos and automatic detection devices allow their use for small ectothermic organisms [19] [20] [21] . Moreover, the precise trajectory of amphibian during short-term movements can be recording thanks to fluorescent pigments [22, 23] .
In this study, we experimented with the use of RFID (radio-frequency identification) technology to study the crossing of a wildlife tunnel by small vertebrates (amphibians) and ground-dwelling insects (ground beetles). Our method involved marking individuals with PIT (passive integrated transponder) tags, in which an alphanumeric code is stored to identify the individual. While this marking technique is widely used in amphibians (e.g., newts, salamanders and frogs [24] [25] [26] , it is more scarce for ground-dwelling insects, though it has been used for mole crickets [27] and weevil beetles [28] . To our knowledge, no previous studies using RFID on ground beetles have been published. With this method, an array of detectors can be used to provide fine-scale movement data, as has been shown with fish [29] , lizards [30] and voles [31, 32] . In the context of wildlife passage evaluation, studies have used PIT tags associated with an array of detectors to monitor a fish pass (e.g., [33, 34] ). The system has also been used for terrestrial animals: for example, to detect the passage of tortoises and snakes in tunnels under roadways [16, 35] . It was also used for tracking salamanders migrating on land [14] . However, to our knowledge, it has never previously been used to monitor amphibian or insect movements in wildlife crossings.
To address this gap, we tested an RFID system composed of four detectors placed in a wildlife tunnel to record the behaviour of small animals crossing it. One species of amphibian (Bufo spinosus) and two species of flightless ground beetles (Carabus coriaceus and Carabus nemoralis) were marked and released at the entrance of the tunnel to test the system. The advantages and drawbacks of the method are discussed, as well as recommendations to allow its generalized use in the field.
Methods

Design of the monitoring system
The structure of the tracking system was almost the same for the two experiments (one with toads and one with carabids). The crossing was an existing tunnel (7-m long, 1-m wide and 1-m high) ( Fig. 1 ) composed of scuppers (drainpipes) that lay under a road. At each end, 50-cm high fences were built to prevent the animals from escaping from the tunnel. A thin layer of soil (less than 8-cm deep) lined the base of the tunnel.
Four detectors were set up within the tunnel. The detectors were Biolog-id outdoor antennas (100 × 8.5 × 2.5 cm) connected to an electronic control unit or 'reader' (which multiplexed the four 134.2 kHz antennas, each protected in a waterproof box). Each antenna included an autotuning function and a rechargeable power battery. The detection distance of an antenna was 3 cm, with models of PIT tag and detectors used. The reader, also protected by a waterproof box, had a memory capacity of about 1000 recordings and an interface that worked with Windows software. The minimum time between the detection of two successive PIT tags was 70 ms.
For the toad experiment, the detectors were positioned on the ground of the tunnel. The first detector was positioned at a distance of 0.5 m from the entrance, the second at 2.5 m, the third at 4.5 m and the last at 6.5 m (or 0.5 m from the exit). The distance between the first and last detector was thus about 6 m ( Fig. 1 ). Preliminary observations showed that the toads easily crossed the detectors (thickness of 2.5 cm) when moving in the tunnel.
In the ground beetle experiment, the first detector was located 1 m from the entrance, the second at 3 m, the third at 5 m and the last at 7 m, i.e., at the tunnel exit. The detectors were buried in the soil present in the tunnel, allowing the beetles to cross them when moving in the tunnel.
The transponders (PIT tags, 1.4 × 8 mm, weight 34.2 mg) (Biolog-Tiny REF 10268 [R02-0717]) used to mark the toads and insects were electronic chips packaged in a 'biocompatible' glass ampoule that meets international standards for animal identification (ISO 11784/11785).
Amphibian capture and tracking
The study area was located in the region of Pays-de-la-Loire in northwestern France. Within this area, at the beginning of March 2017, 13 adult common toads (Bufo spinosus) were collected by hand on rainy or foggy nights while they were migrating to aquatic breeding sites. The toads were measured: the mean snout-vent length was 6 ± 1 cm. They were then kept in opaque plastic tanks (0.80 × 0.40 × 0.25 m) until the beginning of the experiment. The holding duration was up to 1 week to capture enough individuals for the experiment and release them when the meteorological conditions were favourable for amphibian activity. Each individual was implanted with a PIT tag using an injector with a 1.75 mm diameter needle.
The release of the marked toads in the experimental device started at 9:30 p.m. (i.e., after the sunset), as these toads are active at night in this region and during this season. For the release, a marked toad was kept in an individual 15 × 15 × 15 cm plastic tank deposited at the entrance of the tunnel for a 5-min period. Each toad was released successively at the entrance of the tunnel every 5 min. At the exit of the tunnel, the individuals were caught, identified and stored in individual plastic tanks. They were released at the exact place of capture the day after the experiment.
Ground beetle capture and tracking
Between 17 and 21 June 2017 in a forest close to the study area, 7 adult ground beetles-Carabus (Archicarabus) nemoralis (O.F. Müller, 1764) (n = 3) and Carabus (Procustes) coriaceus coriaceus (L. 1758) (n = 4)-were captured with pitfall traps. The species C. nemoralis is a carabid of 18-28 mm [36] with a weight ranging from 0.360 to 0.605 g [37] . The species C. coriaceus is one of the largest carabids in Europe, varying in size from 33 to 40 mm [38] , and in weight between 1.195 and 1.878 g [39] . Neither species has functional wings: their active dispersal and movements are strictly ground dwelling [40] . These species are widespread in Europe, but prefer deciduous and mixed forests [38] .
Individuals were brought to the laboratory, identified by sex and tagged. The tag was glued to the end of a 30-mm length of fishing line (0.260 mm in diameter, Daiwa Sports Ltd, Wishaw, UK), and the line was then glued to the beetle's elytra (cyanoacrylate glue was used) (Fig. 2) . A short adhesive strip (i.e., band aid) was glued on top to Fig. 1 Design of the experimental system. a A schematic view of the tunnel below the road. b Implementation of the RFID detection device (four antennas and a control unit, or 'reader') positioned along the tunnel for toads. The animals were released at the entrance of the tunnel. c Implementation of the RFID detection device (four antennas and a control unit, or 'reader') positioned along the tunnel for ground beetles. The animals were released at the entrance of the tunnel consolidate the fixation of the fishing line on the beetle's back. Finally, a spot was made on the insect elytra using a paint marker [41] so we could identify marked individuals in case they lost their RFID tag. The overall tagging system weighed around 0.120 g, which is less than 30% of the body mass of these species (19.83-33.33% of the body weight of C. nemoralis and 6.38-10.05% of C. coriaceus [39] ,respectively). Tagged individuals were fed ad libitum and stored 24 h at 9 °C until release in the experimental device.
The release in the experimental device followed the method described for toads. As both beetle species are mainly crepuscular and nocturnal [38] , release began from dusk (9:26 p.m.) on 22 June 2017 and movements were detected until 9:00 a.m. on 23 June 2017. The recaptured individuals were released at the place of capture the day after the experiment.
Analysis of movements
For each toad, the time of its entrance in and exit from the tunnel was recorded using direct observation. This allowed the calculation of the mean crossing speed. The detection of the marked individuals by the different successive antennas allowed building trajectories in the tunnel.
For each ground beetle, the time of entrance was known through direct observation (i.e., time of release). Due to their small size, nocturnal conditions and low speed traversal limited, direct observation of beetle's exit from the tunnel was difficult to conduct. Therefore, detection by detector 4 was considered the beetle's exit, completed by a visual inspection of the tunnel the day after the release to check for marked individuals that have crossed detector 4 and may have stayed in the end of the tunnel.
Results
Tunnel crossing by toads
Of the 13 released toads, 12 completely crossed the tunnel, while one made a U-turn and was recaptured at the entrance after staying 120 min inside. It was detected only in detector 1 twice, 3 and 8 min after its release. The toad detectability rate (i.e., the number of toads detected/the number of toads crossing the tunnel) varied between the detectors. The first detector recorded 8/12 marked toads, the second 1/12, the third 4/12 and the last antenna 12/12 (Fig. 3) .
The mean crossing time was 41 min 15 s (± 25 min) at a speed of 0.0035 m s −1 (± 0.0017 m s −1 ). One individual took twice as long to cross as the others (Fig. 3) .
The path of three individuals (Fig. 4) illustrates the variability of toad movements within the tunnel: individual T1 had a rather constant speed, while individual T7 moved quickly in the first half of the tunnel, and then stayed more than an hour before moving again. Individual T9 moved slowly in the first half of the tunnel, and then accelerated in the second half.
Tunnel crossing by ground beetles
Of the 7 tracked individuals, 6 were at least detected once but only 3 managed to completely cross the tunnel. Three individuals were retrieved inside the tunnel at the end of the experiment and the undetected individual may have made a U-turn before detector 1. This was achieved in an average time of 6 h 11 min (± 3 h 30 min), corresponding to an average speed of 0.0003 m s −1 . Individual G1 (a female C. nemoralis) crossed the tunnel in 10 h 29 min at a speed of 0.0001 m s −1 , individual G2 (a male C. coriaceus) crossed in 6 h 13 min at a speed of 0.0003 m s −1 and individual G3 (a female C. nemoralis) in 3 h 12 min at a speed of 0.0006 m s −1 .
The path of the three individuals in the tunnel was variable ( Fig. 5) : the speed of individual G1 was relatively constant, individual G2 turned back at one point before continuing on to the exit, and individual G3 went slowly in the first 3 m and then moved rapidly (4 m in less than 10 min).
Discussion
Monitoring small animals in wildlife underpasses is subject to specific constraints. While radio-tracking (harmonic radar, VHF, GPS) transmitters or GPS tags can be used to record movements before entering or when leaving a tunnel, they do not allow tracking during the crossing. Another method that is widely used to monitor the use of tunnels is camera traps [17] . These have been used to record snakes and terrestrial turtles entering and leaving an ecopassage [16] . In another study, 58 salamanders were detected crossing four tunnels using cameras installed at the entrance, while 104 individuals were caught in pitfall traps at the exit of each tunnel [42] . For insects, monitoring with camera traps is still emerging [43] . The quality of the recorded pictures/videos and issues of detectability currently limit the effectiveness of camera traps for small organisms; however, technological developments may improve their use for small ectothermic animals [18] [19] [20] [21] . The fine-scale movements of amphibians have been recording with individuals brushed with fluorescent pigments, leaving a detectable track on the ground [22] . This method was used to monitor in the context of wildlife underpass and it would be interesting to add it to the list of potential methods for their evaluation [23] . The main limitation could be the number of individuals that can be followed together and the need to access the tunnel-that is not always feasible-to follow the tracks left on the ground.
PIT tags associated with an array of detectors can be an effective alternative method when radio-tracking or direct detection (visual or with photos/videos) is not feasible. It has the advantages of PIT tag marking (low price, allowing many animals to be individually marked, plus marking longevity) and allows the automatic recording of marked individuals over long periods [35] . The price of the automatic recorder (antennas and reader) can limit its implementation in several tunnels, while simultaneous experiments are needed to test for, e.g., amphibian movements in tunnels of various characteristics. This method has been used to monitor fish migration (e.g., [34] ) and the use of fish passes-in the latter study, the detectability of the tagged fish was tested experimentally and reached 100% [33] . For terrestrial organisms such as tortoises and snakes, the use of wildlife underpasses under roadways has been evaluated using antennas implanted at the entrance and exit of the tunnel [16, 35] . In our study, we modified this to use several antennas within the tunnel; this allowed the recording of more precise trajectories and behaviour information.
Another challenge with monitoring small animals is marking the individuals. PIT tags, implanted in the body cavity, have been widely used in amphibians, and have been demonstrated as non-invasive (i.e., not affecting behaviour, body condition and/or survival) in newts (e.g., [26, 44] ), salamanders (e.g., [25, 45] ) and frogs (e.g., [24, 46] ).
In invertebrates, PIT tags can also be implanted in the body cavity (e.g., in mole crickets, [27] or glued onto the external tegument (e.g., in weevil beetles, [28] ). In our study, a PIT tag was glued onto a ground beetle's elytra ( Fig. 2) and this stayed in place long enough for the Fig. 3 The individual trajectories of 12 tagged toads that completely crossed the tunnel. The x-axis shows the time (in minutes) from release; the y-axis shows the distance travelled (in metres) from the entrance. Black line = observed toad trajectories; circles = detection events (four detectors); horizontal dotted line = detector' position in metres from the entrance experiment (several hours). We consider that the tag did not alter the insect's behaviour.
However, using small PIT tags requires a short detection distance (e.g., less than 30 mm), so the marked animals have to move close to the detector. The animal's locomotive characteristics can also alter its detection, for example, with jumping animals such as water frogs, etc. In our experiment with toads, the detection rate varies among the antenna while we know that all the individuals crossed the entire tunnel. Precise observation showed that some Moreover, a minimum time has to elapse between the detection of two successive PIT tags (70 ms in this study). In the case that two individuals simultaneously cross the antenna, only one individual will be recorded. And if one individual stays on the antenna, the detection of the other individuals will be inhibited [14] . These effects could explain the variation we observed in the detection rate between the four detectors.
Conclusion
In the context of wildlife crossings, while a large variety of animals can use them, evaluations tend to be species specific and mainly focus on large animals [13, 47, 48] . The system tested in this study, based on PIT tags, an array of detectors, and automatic recording, allows the detection of small animals (e.g., mammals, amphibians, reptiles and insects), and can provide precise behavioural information on how they react to tunnel characteristics. This system has the potential to enhance the ability to evaluate wildlife passages, resulting in more detailed information that is critical in improving their design [49] . Targeted experiments could also be implemented to test particular tunnel characteristics (e.g., length, substrate, luminosity, etc.) to guide the design of new wildlife crossings or modify existing ones.
